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The high-pressure synthesised quasi-one-dimensional compounds NaMn2O4 and Li0.92Mn2O4 are
both antiferromagnetic insulators, and here their atomic and magnetic structures were investigated
using neutron powder diffraction. The present crystal structural analyses of NaMn2O4 reveal that
Mn3+/Mn4+ charge-ordering state exist even at low temperature (down to 1.5 K). It is evident from
one of the Mn sites shows a strongly distorted Mn3+ octahedra due to the Jahn-Teller effect. Above
TN = 39 K, a two-dimensional short-range correlation is observed, as indicated by an asymmetric
diffuse scattering. Below TN, two antiferromagnetic transitions are observed (i) a commensurate
long-range Mn3+ spin ordering below 39 K, and (ii) an incommensurate Mn4+ spin ordering below
10 K. The commensurate magnetic structure (kC = 0.5,−0.5, 0.5) follows the magnetic anisotropy
of the local easy axes of Mn3+, while the incommensurate one shows a spin-density-wave order with
kIC = (0, 0, 0.216). For Li0.92Mn2O4, on the other hand, absence of a long-range spin ordered state
down to 1.5 K is confirmed.
I. INTRODUCTION
Low dimensional and frustrated spin systems have at-
tracted attention in experimental as well as theoretical
research fields [1, 2]. In particular, the compounds with a
calcium-ferrite CaFe2O4 structure (CFO), so-called “post
spinels”, have been extensively studied in the last decade
because of the complexity of their competing interac-
tions on a magnetic arrangement [3–8]. The crystal
structure of CFO is based on edge-sharing Fe octahe-
dra chains running along the c-axis, and are connected
with each other by corner-sharing in the ab-plane. These
six chains builds up distorted hexagonal void (’tunnels’),
where Ca ions are situated [see Fig. 3]. They pose a
geometrically frustrated lattice, based on a honeycomb
like mesh of triangular or zigzag ladders of magnetic
ions. Such a frustrated system is known to show in-
triguing magnetic ground states and physical properties,
e.g. spin-glass, spin-liquid and multiferroicity [9, 10].
In fact, for CFO-NaCr2O4, which was reported to ex-
hibit an unconventional colossal magnetoresistance effect
below Ne´el temperature (TN ∼ 125 K) [11, 12], a com-
bined work with positive muon spin rotation and relax-
ation (µ+SR) and neutron powder diffraction (NPD) has
clarified the presence of two-dimensional (2D) antiferro-
magnetic (AFM) coupling among one-dimensional (1D)
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zigzag Cr2O4 chains[13, 14].
Furthermore, a tunnel structure along the c-axis in
the CFO lattice provides an 1D conduction pathway for
cations [see the structure in Fig. 3(a)]. Hence, the CFO
compounds with Li+ and Na+ ions are expected to show
high ionic conductivity. This makes the CFO compounds
attractive for the use as solid state electrolyte material
in future all-solid-state batteries [6, 15–17].
When Li+ and Na+ occupy the A site in a CFO
structure represented by AB2O4 (A = Li and Na, B
= Mn, Cr and V), the remaining B ions should be
in a mixed valance state with B3+ and B4+. Ac-
cording to the previous work on CFO-NaV2O4 [18],
NaCr2O4 [11] and Li0.92Mn2O4 [15, 19], there are no
indication for charge-ordering in the zigzag chains. In-
stead, trivalent and tetravalent cations occupy the oc-
tahedral B site randomly to keep local charge neutral-
ity. However, NaMn2O4 at room-temperature exhibits
the Mn3+/Mn4+ charge ordering, evidenced from undis-
torted Mn+4O6 and a strongly distorted Mn
+3O6 due to
the Jahn-Teller (JT) effect [8, 20].
The magnetic properties of both NaMn2O4 and
Li0.92Mn2O4 were previously studied with magnetization
and µ+SR measurements [21]. The magnetization-vs.-
temperature [M(T )] curve for NaMn2O4 [Fig. 1 (a)] ex-
hibits a clear maximum at 15 K, indicating the pres-
ence of an AFM transition, while the M(T ) curve for
Li0.92Mn2O4 shows a weak anomaly below 40 K. As
seen in Fig. 1 (c), the inverse susceptibility curves show
a large linear domain, for which Curie-Weiss fitting
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FIG. 1. (a) Magnetic susceptibility curves (χ (T )) of
NaMn2O4 (red filled circle: left axis) and Li0.92Mn2O4 (blue
square: right axis) recorded using a zero-field-cooled warming
(zfcw) protocol under an external magnetic field of 100 Oe and
(b) of the corresponding differential susceptibility [dχ/dT ](T )
curve indicating two magnetic transitions. (c) 1/χ(T ) with
Curie-Weiss fitting (dotted lines) recorded a field-cooled cool-
ing (fcc) under an external magnetic field of 10 kOe.
leads to µeff and Θp values: ∼3.35 µB/Mn and ∼-
49.6 K for NaMn2O4 and ∼4.00 µB/Mn and ∼-161 K
for Li0.92Mn2O4 [21].
The µ+SR measurements under a weak transverse field
revealed that TN = 39 K for NaMn2O4 and 44 K for
Li0.92Mn2O4. However, the zero-field µ
+SR spectrum
lacked a clear oscillation caused by the formation of a
static internal magnetic fields for both NaMn2O4 and
Li0.92Mn2O4. This suggests that the internal AFM field
is too rapidly fluctuating and the muons are unable to
see it, i.e. out of the range of µ+SR time window.
Therefore, in order to further study the AFM nature
in NaMn2O4 and Li0.92Mn2O4, the neutron diffraction
technique is necessary, particularly for clarifying the dif-
ference between NaMn2O4 and Li0.92Mn2O4.
In this article, we report a systematic NPD study of
both NaMn2O4 and Li0.92Mn2O4. For NaMn2O4, the
crystal structure down to 1.5 K was confirmed as a charge
and Jahn-Teller orbital ordered state, as reported previ-
ously by room temperature single crystal x-ray diffrac-
tion measurements [8]. Above the magnetic transition
temperature, diffuse scattering corresponding to a 2D
short-range spin ordering is observed between 40 and
75 K. Below 40 K, the magnetic Bragg peaks, which
are indexed by using a commensurate propagation vec-
tor kC = (0.5,−0.5, 0.5), start to grow with decreasing
temperature. Below 10 K, another set of magnetic Bragg
peaks appears at incommensurate positions indexed with
kIC = (0, 0, 0.216). Based on the NPD data, we propose
two AFM sublattices to explain the AFM ground state
in NaMn2O4. As for no-charge ordered Li0.92Mn2O4,
our neutron diffraction results reveal a lack of long-range
magnetic ordering even at 1.5 K.
II. EXPERIMENTAL METHODS
A. Synthesis
NaMn2O4 was prepared by a solid-state reaction under
a high pressure, starting from Na2O2 and Mn2O3 pow-
ders [8]. A mixture of the two powders was packed in an
Au-capsule in an Ar-filled glove-box, before being heated
at 1300◦C for 1 h under P = 6 GPa, finally quenched
to room temperature. For CFO-type Li0.92Mn2O4, a
spinel-type Li0.92Mn2O4 was at first prepared by a con-
ventional solid-state reaction using Li2CO3 and Mn2O3
powders [19]. A mixture of precursors was heated at
850◦C at ambient pressure. After the obtained spinel-
type Li0.92Mn2O4 powder was packed in an Au-capsule,
heated at 1300◦C for 1 h under P = 6 GPa, and finally
quenched to room temperature.
B. Magnetic susceptibility
Magnetization measurements as a function of tem-
perature were performed with a superconducting quan-
tum interference device (SQUID) magnetometer (MPMS,
Quantum Design) in zero-field-cooled warming (zfcw) or
field-cooled warming (fcw) or field-cooled cooling (fcc)
modes in the temperature range between 5 and 300 K.
C. Neutron powder diffraction
Neutron powder diffraction patterns were recorded on
the HRPT [22] and DMC diffractometers (Paul Scherrer
Institute, Switzerland) with the wave length λ = 1.886
and 1.494 A˚ and λ = 2.45 and 4.20 A˚, respectively, in the
temperature range between 6 and 200 K. For both exper-
iments the same sample batches as well as sealed 6 mm
3vanadium sample cans were utilized. Data analysis and
Rietveld refinements were performed with software tools
from the FullProf Suite [23]. Symmetry analysis was car-
ried out using the Bilbao Crystallographic Server [24, 25]
and ISODISTORT [26].
III. RESULTS
A. Crystal structure of NaMn2O4
The crystal structure of NaMn2O4 at 200 K was refined
in the orthorhombic Pnam space group (No.62) with a =
8.870 (1) A˚, b = 11.227 (1) A˚and c = 2.843 (1) A˚ start-
ing from reported unit cell and atomic coordinates [8].
This structural model provides excellent fitting to the
high-resolution NPD data recorded at HPRT [Fig. 2 and
Table I], and the corresponding crystal structure is illus-
trated in Fig. 3. This confirms that NaMn2O4 is in a
CFO-type structure with a charge ordering of Mn3+ (t32g
e1g) and Mn
4+ (t32g e
0
g). In the CFO structure, two dif-
ferent Mn2O4 zigzag chains are formed by a network of
edge-sharing MnO6 octahedra (Mn-Mn bond labelled as
J2) aligned along the c-axis [Fig. 3(a, c)]. These four
zigzag chains are linked by corner-sharing octahedral (to
connect equivalent Mn site: next nearest-neighbor Mn1
(J1) and Mn2 (J3), non-equivalent Mn site: J4 and J5 de-
pending on the direction) to form a 3D framework struc-
ture and make an irregular hexagonal 1D tunnel along
the c-axis, in which Na+ ions are located.
The Mn3+ and Mn4+ ions are fully ordered (within the
refinement standard deviation), in contrast to the other
CFO-type NaB3+B4+O4 (B = V, Ti, Cr) materials. As
a results, in the NaMn2O4 lattice, two crystallographi-
cally different Mn sites are clearly distinguishable, which
are coordinated by six oxygen atoms [Fig. 3(b)]. As
already reported in [8], the Mn3+O6 octahedron (man-
ganese labelled as Mn1) is strongly elongated due to sta-
bilization of the dz2 orbital, i.e. Jahn-Teller distortion
of the Mn3+ ions. That is, among the six Mn1-O bonds
of the Mn3+O6 octahedron, four Mn1-O distances ranges
between 1.90 A˚ and 1.95 A˚ and two Mn1-O distances are
larger than 2.15 A˚, resulting in an average distance of
2.05 A˚ at 200 K, as summarized in Table II. The sta-
bilized dz2 orbitals are aligned in the ab-plan and form
a zig-zag pattern on the [001] projection, consisting of
alternating ladder rows with two different orbital orien-
tations [Fig. 3(a)]. Within the ladders, the distorted tri-
angular lattice is formed by the Mn3+ ions as illustrated
in Fig. 3(c). More correctly, three edges of each triangu-
lar lattice correspond to one short Mn1-Mn1 distances of
2.84 A˚(J2−1) and two longer Mn1-Mn1 distances of 3.09
A˚(J1). In this edge-sharing octahedra network, the half-
filled t2g orbitals are directed along the short Mn-Mn dis-
tance in the edge-sharing octahedra (J2−1), and should
favour strong antiferromagnetic direct exchange interac-
tion, rather than a superexchange interaction through
the Mn-O-Mn pathway (the angle of ∼ 90◦) [27].
In contrast, the Mn4+O6 octahedron (labelled as Mn2)
poses very small distortion with the average distance be-
tween Mn2 and O of 1.92 A˚. In order to compare the
distortion of an octahedron quantitatively, one could use
the distortion parameter:
∆d = 1/6
∑
n=1,6
[(dn − 〈d〉)/〈d〉]2 (1)
which corresponds to the deviation of Mn-O distances
with respect to the average distance. In fact, ∆d of
Mn3+O6 is 74 × 10−4, whereas for Mn4+O6, ∆d is 2.5
× 10−4, i.e. 1/30. Note than ∆d for many Jahn-Teller
distorted manganites shows ∆d > 30 × 10−4 [28, 29].
The triangular ladder of Mn4+ is also much more regu-
lar (Mn2-Mn2 distances: 2.8 - 2.9 A˚) than that of Mn3+
(Mn1-Mn1 distances: 2.8 - 3.1 A˚).
There is no clear evidence for a structural transfor-
mation down to 1.5 K, although additional diffraction
peaks appear below TN due to a magnetic transition, as
discussed later. Figure 2(b) shows the refinement result
for the diffraction pattern recorded at 1.5 K. The relia-
bility of fitting the data at 1.5 K is slightly worse than
that at 200 K, because the reduced χ2fit for the data at
1.5 K is 5.34 and 2.17 at 200 K. The quality of fit is
slightly improved by including a monoclinic distortion (β
= 90.1(1)◦) (using Γ point subgroup: P21/c or P21/m).
However, the obtained monoclinic distortion is too small
to clarify with the resolution of the present NPD data.
Therefore, the low-temperature crystal structure is con-
sidered to be the same as the one at 200 K (Pnam).
This is also supported by the fact that the data of Tables
I and II, the unit cell volume is found to contract only
by 0.40 (1) %, when temperature is decreased from 200
to 1.5 K. This means that both the charge ordering and
orbital pattern remains unchanged at the onset of mag-
netic order. A possible structural transition induced by
magnetic ordering will be discussed in the next section.
B. Magnetic order of NaMn2O4: Diffuse scattering
In order for further understanding the magnetic tran-
sition of NaMn2O4 [21], we have performed NPD as a
function of temperature between 6 and 200 K on DMC
in PSI [Fig. 4(a)]. While there are no magnetic diffraction
peaks above 40 K, the absence of three-dimensional long-
range magnetic order is confirmed, a diffuse scattering is
clearly observed, indicating the formation of short-range
ordering. The shape of such magnetic diffuse scattering is
asymmetric with a maximum at Q ∼ 1.2 A˚−1 and is well
fitted with a Warren function [30] [see Fig. 4(b)]. This is
characteristic for a 2D short-range order. In fact, the fit
provides that, as temperature decreases from 75 to 40 K,
the 2D correlation length increases from ∼ 18 A˚ to ∼ 28
A˚. Such correlation length is comparable to those for the
other related compounds with a similar diffraction pro-
file, such as NaMnO2 [31], CuMn2O4 [32], which has a
4(a) (b)
FIG. 2. Rietveld refinement of neutron diffraction data recorded on HRPT (PSI) of NaMn2O4 at (a) T = 200 K and (b)
T = 1.5 K using λ = 1.88 A˚. Note that the magnetic peaks that are present in the 1.5 K diffraction pattern are here left
unindexed. Experimental data: open circles, calculated profile: continuous line, allowed Bragg reflections: vertical marks. The
difference between the experimental and calculated profiles is displayed at the bottom of graph where a series of magnetic peaks
are clearly visible.
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FIG. 3. Polyhedra representation of the CFO-type NaMn2O4 structure projected (a-b) along [001] and (c) along [010]. The
structure shows a charge ordering state of Mn3+/Mn4+ (orange and yellow polyhedra and atoms in figures, respectively), Na
(green atoms), and the dz2 orbital ordering (purple ellipsoid). In (b), the thick lines highlight the elongated Mn
3+-O distances.
For clarity, only a part of a chain is shown in (c). The possible different magnetic exchanges paths, i.e. Mn-Mn bonds (Ji) are
shown by lines. The thick gray and black bonds show that the connections between Mn3+ and Mn4+ ladders corresponding
to J4 and J5, respectively. The orange and yellow bonds links between same Mn sites. The labelled bond distances (in A˚) are
from structural refinements at 200 K.
layered transition metal triangular lattice structure, and
Dy2TiO5 [33] with Dy triangular ladder configuration.
Moreover, the previous µ+SR studies of NaMn2O4 [21]
revealed the presence of a disordered state at tempera-
tures between TN and ∼ 60 K, which is fully consistent
with the current NPD results. More detailed interpre-
tation of this diffuse scattering is mentioned below in
Sec. III C.
C. Magnetic order of NaMn2O4: Magnetic
structure refinement
As temperature decreases from 40 K, the magnetic dif-
fuse scattering is gradually transformed into magnetic
Bragg peaks [see Fig. 4(a)], being consistent with the
previous µ+SR result. Furthermore, there are clearly
two magnetic transitions, TN1 = 35 K and TN2 = 11 K.
Noteworthy the χ(T) curve shows the cusp of antiferro-
5magnetic transition around ∼ 15 K, which is much lower
than first TN determined with µ
+SR and NPD. Indeed,
as seen in Fig. 1(b), not only TN2 is well evidenced in
the differential susceptibility [dχ/dT ](T ) curves around
TN2(∼ 9K), but also small anomaly is observed around
TN1(∼ 40K) in both zfc and fc modes (only zfc is shown).
This is in agreement with the observation of the diffuse
scattering by NPD. Such vague anomaly observed around
TN1 is rather abnormal, considering that clear magnetic
Bragg peaks observed by NPD. This might be related
with the crystallinity (grain size) of the sample as re-
ported on Ref.[34].
Figure 5(a) compares the diffraction patterns recorded
at 40, 15 and 6 K in order to clarify the change in Bragg
peaks across TN1 and TN2. The difference of diffraction
patterns between 40 and 15 K [Fig. 5(b)] clearly demon-
strates the appearance of a set of magnetic Bragg peaks,
which are all indexed by a commensurate (C) propaga-
tion vector kC = (0.5, -0.5, 0.5). On the other hand,
the difference of patterns between 15 and 6 K is indexed
using an incommensurate (IC) propagation vector kIC =
(0, 0, 0.216 (1)). Surprisingly, despite the magnetic tran-
sition from the C-AF phase to the IC-AF phase at TN2,
the C-AF diffraction pattern does not change even below
TN2 [see details in Fig. 5(b)]. This means that the C-AF
TABLE I. Structural parameters of NaMn2O4 at 200 and
1.5 K from Reitveld refinements of HRPT data. The space
group is Pnam and all the atoms are in site 4c (x, y, 1/4).
200K 1.5K
a (A˚) 8.870(1) 8.861(1)
b (A˚) 11.227(1) 11.197(1)
c (A˚) 2.843(1) 2.841(1)
V (A˚3) 283.1(1) 281.9(1)
Na x 0.2473(4) 0.2472(4)
y 0.3345(3) 0.3352(3)
B (A˚2) 0.52(6) 0.33(6)
Mn1 x 0.0714(3) 0.0716(4)
y 0.1086(3) 0.1088(3)
B (A˚2) 0.01(6) 0.01(6)
Mn2 x 0.0806(4) 0.0807(4)
y 0.5949(3) 0.5956(3)
B (A˚2) 0.01(6) 0.14(7)
O1 x 0.2864(2) 0.2870(2)
y 0.6478(2) 0.6478(2)
B (A˚2) 0.09(4) 0.08(4)
O2 x 0.3832(2) 0.3849(3)
y 0.9809(2) 0.9802(2)
B (A˚2) 0.09(4) 0.21(4)
O3 x 0.4747(2) 0.4745(2)
y 0.1947(2) 0.1942(2)
B (A˚2) 0.30(4) 0.35(4)
O4 x 0.0683(2) 0.0689(3)
y 0.9132(2) 0.9135(2)
B (A˚2) 0.16(4) 0.29(4)
RBragg (%) 4.19 4.69
χ2fit 2.17 5.34
structure is preserved even in the IC-AF ordered state
appeared below TN2. This also implies that these two
magnetic sublattices are mutually independent.
To constrain the number of solutions for the magnetic
models, symmetry analysis was performed using kC and
kIC, for each Wyckoff site 4e of Mn. The commensurate
kC ordering is described as antiferromagnetic chains run-
ning along the c-axis (J2). Next-neighbor Mn arrange
antiferromagnetically along [01-1] and ferromagnetically
along [011] (J1). In other words, the Mn spin chains
makes -[AFM-FM-AFM-FM]- zigzag pattern along the
c-axis [see Fig. 7].
The proposed model is expressed by the Cac Shub-
nikov group (BNS 9.41). Using this spin arrangement,
the diffraction pattern recorded at 15 K is well fitted
with only one Mn site [Fig. 5(c)], leading to the best
RBragg = 1.9% and Rmag = 8.4%. Such high Rmag is due
to the trace of diffuse scattering on the shoulder of several
magnetic Bragg peaks, especially for the one at Q ∼ 1.2
A˚−1. At 15 K, the Rietveld refinement [Fig. 5(c)] yields
my = 2.6(1) and mz = 0.4(1), which gives a total ordered
magnetic moment (µCord =) 2.63(2) µB. Note that mx is
set to zero even it is not restricted by symmetry, because
refining this component does not improve the fitting of
our NPD data. On the other hands, the small compo-
nent mz is necessary to obtain better fit for the magnetic
Bragg peaks. The size of µCord is unchanged down to 6 K
TABLE II. Selected distances (A˚) and angles (◦) in
NaMn2O4 at 200 and 1.5 K. The distortion parameter
is calculated for each manganese octahedron as ∆d =
1/6
∑
n=1,6 [(dn − 〈d〉)/〈d〉]2, with 〈d〉 being the average dis-
tance between Mn and O.
200 K 1.5 K
Mn1 - O1 1.951(2) 1.950(4)
Mn1 - O3 2.370(3) 2.372(6)
Mn1 - O4 2.196(3) 2.188(6)
Mn1 - O4 1.902(2) 1.909(4)
average 2.046(1) 2.046(2)
∆d × 10−4 74.4 72.6
Mn2 - O1 1.920(3) 1.911(6)
Mn2 - O2 1.947(3) 1.952(6)
Mn2 - O2 1.941(3) 1.956(4)
Mn2 - O3 1.875(2) 1.853(4)
average 1.916(1) 1.914(2)
∆d × 10−4 2.537 5.723
Mn-Mn along
c (J2−1, J2−2) 2.843 (1) 2.841(1)
Mn1 - Mn1 (J1) 3.094 (3) 3.088(6)
Mn1 - O1 - Mn1 93.54 (9) 93.48(17)
Mn1 - O4 - Mn1 96.70(9) 96.17(18)
Mn2 - Mn2 (J3) 2.934(4) 2.957(6)
Mn2 - O2 - Mn2 94.19(11) 93.12(16)
Mn2 - O3 - Mn2 98.62(10) 100.12(16)
Mn1 - Mn2 (J4) 3.402(3) 3.402(7)
Mn1 - Mn2 (J5) 3.863(4) 3.833(6)
Mn1 - O1 - Mn2 123.0(2) 123.5(4)
Mn1 - O3 - Mn2 130.7(2) 129.9(4)
6(a) (b)
T
N1
T
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FIG. 4. (a) Temperature evolution of the powder neutron
diffraction patterns of NaMn2O4 (DMC λ = 2.45 A˚) between
75 and 6 K in the 0.4 - 2.2 A˚−1 range. TN1 ≈ 35 K and TN2 ≈
11 K are marked by the horizontal white dashed lines. (b)
Neutron diffraction patterns at two temperatures above TN1 ≈
35 K in NaMn2O4. Circles show experimental data, Bragg
peaks corresponding to the crystal structure are masked in
gray and the solid red line is the fitted Warren line shape
given by [30]
[Fig. 6]. The main component of µCord, i.e. my in the two
adjacent chains follows approximately the orbital pat-
tern of Mn3+ as described earlier. This spin direction is
understandable by considering the single ion anisotropy
of Mn3+ in the elongated octahedra along the local z
axes due to the Jahn-Teller distortions. Besides the spin
is slightly off (∼ 14 ◦) from the local z orbital. This
deviation possibly results from the competition among
magnetic anisotropy, frustration, and 90◦ superexchange
interaction.
For the incommensurate kIC order, there are four
one-dimensional irreducible representations (Irreps) and
three basis functions for each Irreps. Only the symmetry
modes spanned by the Irreps Γ4 provided good agree-
ment with the experimental data. Table III lists the
basis vectors of Irreps Γ4, obtained by the projection
operators method. The IC-AF order was firstly fitted
using only one Mn site following upon the C-AF phase
results. Figure 7 shows the spin structure that gives the
best agreement factor Rmag = 13.6% with the experimen-
tal data [see Fig. 5]. This model eventually corresponds
to a spin density wave (SDW), obtained by mixing the
basis function ψ1 and ψ3 of real components only. At
6 K, mx = 1.4(1) and mz = 1.5(1) are obtained by a
refinement of the magnetic structure [Fig. 5(d)]. For this
model, the wave maximum amplitude is about 2.0(1) µB
(= µICord) and µ
IC
ord lay in the ac-plane with the spin mod-
ulation along [101] and [10-1] directions. The periodicity
of the IC modulation is ∼ 4.63 × c and the intraleg inter-
action is AFM with the domain boundary shown as the
dotted line in Fig. 7(c). The incommensurate spin struc-
ture is also described involving ψ2 (corresponding to the
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FIG. 5. (a) Neutron powder diffraction patterns recorded at
6, 15 and 40 K, and (b) their differences (DMC λ = 2.45
A˚). Rietveld refinement of the neutron diffraction data of
NaMn2O4 at (c) 15 K and (d) 6 K. Green, orange and pur-
ple ticks indicate Bragg peak positions of crystal, commen-
surate magnetic and incommensurate magnetic structure, re-
spectively.
my component) based on the symmetry analysis. An un-
constrained refinement using DMC data (λ = 2.45 A˚),
using only the symmetry restrictions of Γ4, showed that
the my component of µ
IC
ord is nearly zero. As a result, in
the final refinement stage, the my component was set to
zero.
Because of the fact that µCord is greater than µ
IC
ord, the
kC magnetic structure is assumed to be of Mn
3+ (Mn1)
site while the kIC phase for Mn
4+ (Mn2). Both magnetic
7T 11 K
N2
»
T 35 K
N1
»
FIG. 6. Temperature evolution of the Mn3+ and Mn4+ or-
dered magnetic moment (from Rietveld refinement results).
Solid lines are guides to the eye, while the dashed line and
dash-dotted line are at TN1= 35 K and TN2= 11 K, respec-
tively.
moments are smaller than the expected values for the
fully ordered state, which is coherent with remnant dif-
fuse scattering. Such discrepancy is also reported for e.g.
NaMnO2 (2.92 µB for Mn
3+) [31]. It is worthwhile to
mention the possibility of slight mixing between Mn3+
and Mn4+ (both Mn sites can form C-AF and IC-AF
configuration). This is well-known issue in charge or-
dered manganites and such mixing often leads to smaller
µord than the expected value; e.g. NaMn7O12 (2.85 µB
for Mn3+ and 2.40 µB for Mn
4+ at 10 K) [35].
Among the asymmetric diffuse scattering around the
commensurate magnetic peaks at temperature above
TN1, the strongest one was observed at Q ∼ 1.2 A˚−1
((000)(01-1)(00-1)(010)+kC)) (see Sec. III B). This posi-
tion suggests the short-range correlations start generat-
ing along the chain axis (bc-plane), compatible with the
magnetic interaction along this direction (J2−1: corre-
sponding to the commensurate ordering).
The feature of the kC magnetic structure is described
in Fig. 7, with the antiferromagnetic chains parallel along
the c-axis. All the intraleg Mn-O-Mn supercharge inter-
actions are rather weak, because the angel of the Mn-
O-Mn bonds is nearly 90◦. However, for the case of the
nearest-neighbour interaction (J2), both 90
◦ Mn1-O1-
Mn1 and Mn1-O4-Mn1 bonds are formed by a direct
overlap of the dxy (or dyz or dzx) a strong AFM direct-
exchange interactions are possible [27], which causes a
geometrical frustration configuration. Due to such frus-
tration on the triangular lattice in the two-leg ladder,
a magnetoelastic coupling is expected to appear below
TN1. The Cac Shubnikov group has a monoclinic su-
percell am ∼ 5.68 A˚, bm ∼ 17.7 A˚, cm ∼ 11.5 A˚ and
βm ∼ 104◦. In this supercell, there is a Γ3+ displace-
ment mode (with k-vector (0,0,0) and direction (a) cor-
responding to the isotropy subgroup P21/c (No. 14))
which allowed a shift of Mn atoms along c-direction, but
two Mn rows (within ladders) shift in the opposite z di-
rections. This distortion component could deform the
triangular lattices in order to stabilize the J1 magnetic
interaction. However, as mentioned in Sec. III A, the
monoclinic distortion in the crystal structure is not ev-
ident in the present NPD data. Further studies at low
temperatures using single crystal synchrotron X-ray and
electron diffraction techniques will be valuable for inves-
tigating the magnetoelastic coupling of this compound.
For the kIC magnetic structure, although the coupling
within the Mn4+ ladder is rather complicated to inter-
pret, one could compare with a mixed valance CFO-
NaV2O4, which poses a similar SDW magnetic structure
with the IC propagation vector, k = (0, 0.19, 0) [4]. The
direction of the ordered spins was found to be perpen-
dicular to the ladder direction with the SDW modula-
tion along the ladder. This configuration and modula-
tion are similar to the current Mn4+ ladder case, ex-
cept that NaMn2O4 has magnetic components (roughly
∼ 30◦) along the ladder direction. This might be due
to the additional superexchange interaction (intermedi-
ate angle ∼ 130◦) between Mn3+ and Mn4+ ladders. In
order to understand the detail of such spin coupling, fur-
ther magnetic characterization will be required, such as
single crystal studies, inelastic neutron scattering along
with theoretical calculations and computer simulations.
Finally, it could be also very interesting to perform ad-
ditional investigations under high hydrostatic pressure
to know how subtle externally induced structural distor-
tions affect the magnetic correlations [36] in this complex
material.
D. Neutron diffraction study of Li0.92Mn2O4
We have also performed a NPD study on the closely re-
lated CFO-type compound, Li0.92Mn2O4in order to com-
pare the magnetic nature within this family. The crystal
structure of Li0.92Mn2O4 was confirmed as a reported
one [20]. Unlike the NaMn2O4, Li0.92Mn2O4lacks clear
charge and/or orbital order; thus both Mn3+ and Mn4+
are equally and randomly distributed on the two Mn
sites. The resolution and Q-range of the present neu-
tron diffraction study recorded on the DMC diffractome-
ter (λ = 2.45 A˚) are not enough to perform a proper
structural analysis. Therefore, the Rietveld refinement
was performed using reference structural parameters [15]
yielding a reasonable fit result. The temperature depen-
dent data clarified the absence of changes in the crys-
tal structure at temperatures between 120 and 1.5 K.
Moreover, the NPD result revealed the presence of the
Li2MnO3 phase with the volume of 16.1% as a second
phase. This is in good agreement with the previously
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FIG. 7. Magnetic structure of NaMn2O4 at 6 K. (a) kC commensurate spin configuration along Mn
3+ ladder. The purple dash
line is the guide to indicate the direction of z-orbital. (b) Overall spin structure of NaMn2O4 along c-axis in the honeycomb
mesh. (c) Two Mn ladders along c-axis. The dashed line highlights the spin inversion plane of kIC incommensurate spin
arrangement. The magnetic moments of commensurate spins along b direction are symbolized by + or signs depending on
their spin direction.
TABLE III. Basis functions for axial vectors associated with the irreducible representation Γ4 for Wyckoff site 4c and kIC =
(0, 0, 0.216). a = e+ipiq
Γ4 Mn2-1 Mn2-2 Mn2-3 Mn2-4
(xyz) (−x+ 1,−y + 1, z + 1
2
) (−x+ 1
2
, y − 1
2
, z +
1
2
) (x+
1
2
,−y + 3
2
, z)
ψ1 (100) (a
∗00) (a∗00) (100)
ψ2 (010) (0a
∗0) (0− a∗0) (0-10)
ψ3 (001) (00− a∗) (00− a∗) (001)
reported XRD and µ+SR results [15, 21]. From the
previous µ+SR measurement of Li0.92Mn2O4, the ob-
served magnetic signal was in fact found to come from
the Li2MnO3 phase [21]. The present NPD results are
fully consistence with the reported µ+SR data; in other
words, only magnetic Bragg peaks corresponding to the
Li2MnO3 phase were observed below TN = 35 K [37].
Two main magnetic Bragg peaks of Li2MnO3 are indexed
and shown in Fig. 8. There is also clear diffuse scatter-
ing (maximum around Q ∼ 1.3 A˚−1) correlated with a
background reduction, which indicate the appearance of
short-range magnetic order. Below 50 K, such diffuse
scattering remains unchanged down to 1.5 K, i.e. even
below the magnetic transition temperature of Li2MnO3.
This suggests that the diffuse scattering is not originating
from Li2MnO3 but an intrinsic feature of Li0.92Mn2O4,
which has a magnetic transition at TN = 44 K accord-
ing to the µ+SR results [21]. However, further studies
are required to get information on the detailed magnetic
nature of Li0.92Mn2O4.
IV. DISCUSSION
NaMn2O4 is found to exhibit two successive antiferro-
magnetic transitions at TN1 = 39 K and TN2 = 11 K.
The former is a transition to a C long-range Mn3+ spin
ordered state and the latter is a transition to an IC
Mn4+ spin ordered state. Our study indicates that these
two Mn3+/Mn4+ magnetic lattices are independent each
other. Back to inverse susceptibility (1/χ) shown in
Fig. 1(c), although the 1/χ(T) curve is linear with tem-
perature above 200 K, it deviates from such linear re-
lationship below around 150 K, which is relatively high
compared with the observed cusp (around 15 K). If the
temperature evolution of the Mn moment in the Mn3+
sublattice is independent of that in the Mn4+ sublattice,
each magnetization follows a Curie-Weiss behavior with
its own Curie constant (C) and Weiss temperature (Θ).
Since Θ of the Mn3+ sublattice is naturally different from
that of the Mn4+ sublattice, such difference causes non-
linearity of the 1/χ(T ) curve. This could be a reason
why the deviation appears at temperatures below 150 K.
Above 200 K, the difference of C and Θ between two
sublattices becomes relatively small compared with tem-
perature, resulting in the linear relationship between 1/χ
and temperature.
In order to understand the complex and unique mag-
netic ground state of NaMn2O4, we compare the series
of AMn2O4 (A = Li, Na and Ca). Note that the crys-
tal structure of JT-ordered CaMn2O4 consists of each
double-rutile chain, which are connected through edge-
9FIG. 8. Temperature evolution of the powder neutron diffrac-
tion patterns of Li0.92Mn2O4 (DMC λ = 2.45 A˚) between 1.5
and 120 K in the 0.5 - 2.2 A˚−1 range. Two magnetic Bragg
peaks of the Li2MnO3 impurity phase are indexed.
sharing oxygen atoms. This structure is slightly differ-
ent from the CFO-type structure, in which the chains
are interconnected through corner-sharing oxygen atoms
instead [3]. Furthermore, the CaMn2O4 structure has
a 180◦ superexchange path so that the Heisenberg ex-
change interactions have a priority over the easy axis
anisotropy. As a result, the spin direction is independent
of the orbital ordering pattern (the spins are parallel to
the ladders). The magnetic ground state of NaMn2O4is
rather unique, because each of the two different Mn sites
has its own ordering temperature and modulation. Al-
though no detailed calculation has been reported so far,
the interaction between Mn3+ and Mn4+ ladders (in ab-
plane; J4 and J5) are most likely rather weak compared
with the interaction within the each ladders (J1, J2 and
J3). This is evidenced from the fact that the spin config-
uration of Mn3+ is not affected by the onset of Mn4+ spin
order. Within the Mn3+ ladder, the single ion anisotropy
dominates owing to superimposition of the 3d electrons
in the dz2 orbitals of Mn
3+. On the other hand, in the
Mn4+ ladders, there is no contribution from anisotropy
but the competing exchange interaction is favoured in-
stead, because of the absence of the dz2 orbital order.
The combination of the complex exchange pathways, i.e.
edge and corner-sharing octahedra through the oxygen,
and geometrical frustration on the triangular lattice of-
ten result in a complex incommensurate spin structure,
such as CFO-NaV2O4 and CaCr2O4 [4, 5].
As for Li0.92Mn2O4, no long-range magnetic order was
observed down to 1.5 K by the present neutron pow-
der diffraction experiment. This is most likely due to
the nonstoichiometry of Li, which naturally increases
the amount of Mn4+ by about 8% from that (50%) in
NaMn2O4. As a result, it is impossible to form the lad-
der occupied only by Mn3+ but likely to form the two
ladders with random distribution of Mn3+ and Mn4+,
which hinders the formation of long-range magnetic or-
der down to 1.5 K. Therefore, it is concluded that charge
and orbital order play a significant role to align the Mn
moments in the triangular spin ladders.
This also suggests the possibility that the magnetic
ground state of NaMn2O4 is sensitive to the Na content.
Therefore, it is very interesting to study Na1−δMn2O4
prepared by an electrochemical reaction with neutron
scattering and µ+SR.
The spin-orbital coupling in JT active manganites has
been reported for various compounds. Typical examples
are the manganese perovskites, LnMnO3, where Ln= La
to Gd and Tl [38, 39]. Such compounds show non-
collinear orbital order with collinear spin order, owning to
the competition between single anisotropy and exchange
interactions. The compound series of A1−xA
′
xMnO3 (A
= lanthanum, A′ = Ca, Sr and Ba) is known to have
charge, orbital and magnetic order. Similar to NaMn2O4,
the spin structure of La0.5Ca0.5MnO3 consists of two dif-
ferent magnetic sublattices, which is also based on Mn3+
and Mn4+ sites [40]. Besides the perovskites, very re-
cently, the layered honeycomb BiMnTeO6 was reported
to show the non-collinear spin-orbital coupling [41].
In contrast, layered triangular lattice compounds, like
CuMnO2 and NaMnO2, pose a frustrated triangular spin
lattice with strong anisotropic interaction due to the
ferro-orbital ordering. Such magnetic frustration leads
to a magnetoelastic coupling, evidenced by the struc-
tural transition [31, 42]. Moreover, several studies about
the correlation between spin and orbital order were re-
ported on CaMn7O12, which reveal that both crystal (or-
bital) and magnetic (spin) structures are incommensu-
rate. Such unique modulation plays a role in breaking
the inversion symmetry, resulting in one of the best type-
II multiferroic material [43, 44]. The total understanding
based on spin and orbital order would be useful for vari-
ous technical applications [45].
NaMn2O4 is therefore a novel and intriguing example
of a charge-orbital-spin correlated manganites. Particu-
larly, inelastic neutron scattering measurements using a
single crystal sample together with theoretical work will
be extremely valuable to further understand the detailed
relationship between orbital physics and magnetism not
only in manganites but also in general transition metal
oxides.
V. CONCLUSIONS
In conclusion, this study of CFO-NaMn2O4 has re-
vealed a complex magnetic ground state, based on suc-
cessive charge, orbital and spin order. Based on high-
resolution neutron powder diffraction, the Mn3+ and
Mn4+ were fully ordered down to 1.5 K. Although 2D
10
short-range spin order presents even at 75 K, a commen-
surate AFM ordered phase appears below 35 K and an
incommensurate AFM ordered phase follows below 11 K.
Surprisingly, the two AFM orders are independent each
other. The commensurate AFM ordering is based on
Mn3+ AFM coupling along the chain axis, while the in-
commensurate AFM ordering is most likely spin-density-
wave order of Mn4+. Finally, neutron diffraction studies
of the closely related Li0.92Mn2O4 compound clarify the
absence of long-range order down to 1.5 K. The existence
of a diffuse scattering below 50 K indicates the presence
of short-range magnetic order in Li0.92Mn2O4.
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